The southern root-knot nematode (Meloidogyne incognita) is one of the most economically devastating plant pathogens in the world and is able to infect nearly every cultivated crop species (Koenning et al. 1999; Sasser and Freckman 1986) . The paucity of effective control strategies for this widely problematic pest makes it crucial to understand the mechanisms responsible for its ability to infect plants so that novel control strategies can be developed.
M. incognita engages in a complex interaction with its host plants. In order to survive, the obligate parasite must penetrate a host plant root, overcome host defenses, develop elaborate feeding cells within the host (referred to as giant cells), and maintain these giant cells as it grows and reproduces. To perform these vital steps, the nematode secretes effector proteins that interact with and manipulate host plant factors. The functions that these effectors perform in planta are critical for the nematode to infect its host plants (Abad and Williamson 2010; Hewezi and Baum 2013; Mitchum et al. 2013) .
Previously characterized effector proteins from M. incognita have been shown to have diverse functions when secreted into the host plants. One such effector protein, 16D10, has been shown to interact with two plant SCARECROW-like transcription factors and, in doing so, it increases the susceptibility of the host to M. incognita infection (Huang et al. 2006) . M. incognita also secretes a calreticulin effector protein, which accumulates in the plant apoplast (Jaubert et al. 2005) , and has recently been shown to suppress basal immunity within its plant host to facilitate parasitism (Jaouannet et al. 2013) . Other effectors that are secreted from both root-knot and cyst nematodes (Heterodera and Globodera spp.) show homology to chorismate mutases and have been shown to alter plant development when expressed in planta (Bekal et al. 2003; Doyle and Lambert 2003) . Yet another effector gene, Mj-NULG, was recently isolated from the closely related species M. javanica and was shown to be specifically upregulated during feedingsite development and to localize to the nucleus of the giant cells, where it is assumed to play a role in facilitating nematode parasitism (Lin et al. 2012) . Similarly, the secreted M. incognita effector, Mi-EFF1, was shown to localize to the plant nucleus, where it has the potential to manipulate host transcriptional machinery (Jaouannet et al. 2013) . These recent characterization studies highlight the important roles effectors play in specific plant subcellular compartments and at specific times during the parasite's life cycle.
An impressive number of M. incognita effectors have been identified (Bellafiore et al. 2008; Danchin et al. 2013; Huang et al. 2003 ) but a complete panel of effectors remains elusive, even with the availability of the M. incognita genome . Identification of effectors frequently relies on the ascertainment of gland-cell-specific expression of effector genes as well as the documentation of an N-terminal signal peptide for protein secretion and the absence of transmembrane domains, which otherwise would suggest a retention inside the nematode gland cells. Despite extensive efforts in the last few years, the majority of Meloidogyne effector proteins remain undiscovered and uncharacterized. This stresses the need for more complete knowledge of the M. incognita effector repertoire and a better understanding of how individual effectors function within host tissues.
Past efforts to identify effectors have utilized whole-nematode expressed sequence tags as well as proteomics approaches and have found a number of candidates (Bellafiore et al. 2008; Roze et al. 2008) . The most successful approach, however, has incorporated the sequencing of mRNA isolated specifically from the esophageal region of the nematode, which contains three gland cells (one dorsal and two subventral) that secrete nematode effectors (Huang et al. 2003) . This type of tissue-specific transcriptome analysis has been successfully implemented in both animals and plants to identify low-abundance transcripts that would have been missed when sequencing transcriptomes of the entire organism (Brandt 2005; Chemello et al. 2011 ). This approach, in conjunction with Sanger sequencing methods, has identified 37 putative M. incognita effector proteins to date (Huang et al. 2003) . Though this is an extensive list, the fact that there are currently more than twice the number of known effector proteins from cyst nematodes leads us to believe that there should be a comparable number of effectors in M. incognita.
In this current effort to search for previously undiscovered effectors from M. incognita, gland-cell-specific mRNA was isolated and sequenced using Roche 454 technology, allowing for significantly greater read coverage than previous approaches. The resulting transcript data were analyzed using a combination of in silico and molecular approaches to identify 18 M. incognita genes encoding putative effector proteins that are expressed specifically in the esophageal gland cells.
The secreted proteins encoded by these M. incognita genes have no annotated function and no orthologs in free-living organisms, yet many are members of gene families and are conserved within the genome of M. hapla, suggesting a conserved and specific function within the two parasites. Quantitative realtime reverse-transcriptase polymerase chain reaction (qRT-PCR) allowed us to identify several unique expression profiles for these genes during the sedentary parasitic stages of M. incognita infection. Furthermore, subcellular localization revealed that the majority of these putative effectors localize to the cytoplasm in planta. Together, our data suggest that these 18 M. incognita genes encode secreted proteins with specific roles at different stages of parasitism, and that the majority likely functions within the cytoplasm of the giant cells. The discovery of these new putative effectors has expanded the known M. incognita secretome and laid the groundwork for a greater understanding of the molecular basis of nematode parasitism.
RESULTS

Sequencing and assembly.
The cytoplasm of esophageal gland cells was microaspirated from 50 M. incognita nematodes at different parasitic stages to isolate total RNA. The mRNA was then purified and used to generate cDNA (as described in Materials and Methods). The synthesized cDNAs were used to prepare one nebulized and one non-nebulized pool of cDNA. Each cDNA pool was sequenced using Roche 454 technology, which produced a combined total of 1.7 million reads with an average length of 281 bp. Reads with insufficient complexity to facilitate assembly were removed (SeqClean software), leaving 623,000 clean reads. These high-quality reads were assembled using Newbler V2.5 software producing 17,741 isotigs (unique transcripts), which were predicted to be contained within 14,443 isogroups (unique genes), alongside 72,397 singletons. To identify the full-length transcripts, we compared the 17,741 isotigs with the 20,359 proteins predicted from the M. incognita genome ) using BLASTx, with a minimum cut-off of 90% identity over 75% of the isotig length. We found that 5,700 gland isotigs (4,548 isogroups) had strong sequence homology to 3,758 known M. incognita proteins from the M. incognita genome (Fig. 1A) . These full-length proteins were subjected to several criteria to identify novel effector candidates, as detailed below.
In silico filtering of effector candidates.
Most known nematode effectors have evolved to become specific to the parasitic lifestyle and do not have obvious Fig. 1 . Diagram of in silico filtering methods used to identify effector candidates. A, Isotigs assembled from the gland-cell-derived sequences were compared with the known protein coding sequences from the Meloidogyne incognita genome using a nucleotide BLAST (minimum cut off of 90% identity over 70% of an isotig's length). B, M. incognita proteins represented in the gland-derived sequences were compared with known parasite-specific M. incognita proteins (previously predicted using OrthoMCL (Abubucker et al. 2011) . C, Identified M. incognita proteins were analyzed for the presence of an N-terminal secretion signal and the absence of transmembrane domains (Phobius).
orthologs in nonparasitic species. This has been demonstrated by the lack of sequence homology between the previously identified effector proteins from cyst and root-knot nematode parasites and free-living species (Huang et al. 2003) . Therefore, we used this criterion to filter our dataset of 3,758 proteins identified from the M. incognita gland region. To determine which of the candidate proteins have orthologous sequences that are specific to parasitic species and absent in freeliving species, we utilized a dataset previously generated using OrthoMCL (Abubucker et al. 2011 ). This dataset contained the known proteomes from seven helminth parasites (M. incognita, M. hapla, Trichinella spiralis, Brugia malayi, Schistosoma japonicum, and S. mansoni) , two host plants (Glycine max and Arabidopsis thaliana), as well as proteins from nine free-living species (Pristionchus pacificus, Saccharomyces cerevisiae, Drosophila melanogaster, Mus musculus, Homo sapiens, and five Caenorhabditis spp.) (Abubucker et al. 2011; Chen et al. 2006) . The Ortho MCL algorithm clustered these 18 proteomes into 38,776 groups of orthologous and paralogous proteins. Of all the groups, 2,419 contained orthologous proteins only from parasites or host plant species, and lacked proteins from the free-living S. cerevisiae, Drosophila, and Caenorhabditis spp. We further scrutinized the 4,073 proteins from M. incognita that were contained in these 2,419 parasitespecific groups. These 4,073 proteins, in addition to 5,180 M. incognita proteins that were not clustered with any other proteins, were combined (9,253 proteins) and compared with our 3,758 gland-enriched candidate proteins. This comparison resulted in the identification of 1,080 gland-derived proteins that were not found in protein clusters with free-living species and, therefore, likely have evolved specifically for parasitic life-styles (Fig. 1B) .
One of the hallmark characteristics of nematode effector proteins is the presence of a secretion signal peptide on their N terminus that targets the mature protein to the secretory pathway, as well as the absence of internal transmembrane domains that would retain the protein in membranes of nematode cells. Therefore, we analyzed the 1,080 parasite-specific gland-derived proteins for the presence of secretion signals and the absence of internal transmembrane domains (Kall et al. 2004 ). This selection procedure resulted in the identification of 91 candidate effector genes ( Fig. 1C ; Supplementary Table S1) . Effector candidates were then subjected to RNA in situ hybridization to determine whether they are expressed specifically in the esophageal gland cells.
Because esophageal gland cells are directly connected through the esophagus to the nematode stylet, secretory proteins that are exclusively expressed in and secreted from these gland cells are very likely to have biological functions in the nematodeplant interactions. To determine the gland-specific expression patterns of the 91 candidate effector genes, we generated specific antisense digoxigenin (DIG)-labeled probes for each candidate and hybridized these to fixed M. incognita nematodes at different parasitic life stages. Out of the 91 candidates tested, probes for 14 individual candidate effectors were found to specifically hybridize to mRNA accumulating within the subventral (10 probes) or dorsal (3 probes) gland cells of M. incognita ( Fig. 2 e Protein domains predicted using InterPro Scan software, and nuclear localization signals (NLS) predicted using PSORT II. PK = protein kinase. f Gland-specific expression found in the dorsal gland (DG), the subventral glands (SvG), or the rectal glands (RG) using in situ hybridization.
( Fig. 2Q) . Because the rectal glands are known to form the egg mass matrix (Maggenti and Allen 1960) , this candidate is potentially secreted into plant tissues and worthy of further analysis, although its presence in the gland-enriched RNA sample was unexpected. In total, 14 proteins were identified as likely to have effector roles in M. incognita parasitism of host plants (Table 1 ). The remaining 77 candidate genes displayed either non-gland cell hybridization signals or no visible staining signals at all. Sequence analysis of these 14 candidate effector genes revealed that two of these proteins, Minc10418 and Minc08073, had 98% amino acid identity, indicating that they are likely Fig. 2 . Detection of digoxigenin-labeled probes hybridized to transcripts expressed within the secretory gland cells of Meloidogyne incognita. A to P, In total, 16 probes detected transcripts from 17 genes expressed specifically within the dorsal (DG) or subventral (SvG) esophageal gland cells. M, With each probe, 10 to 30 nematodes were hybridized, and specific gland expression was determined by the shape, size, and proximity of the stained region relative to the metacarpus. Q, One probe specific for Minc00801 produced specific staining in the rectal glands (RG) attached to the rectum (R) of stage-four juvenile (J4) female nematodes.
paralogous members of a gene family within M. incognita. Two other proteins, Minc00344 and Minc04584, belong to the previously identified MAP-1 gene family, whose members are thought to play roles at the early stages of interaction between M. incognita and its host plants Semblat et al. 2001) . Two additional proteins, Minc02097 and Minc18033, showed near-perfect identity with the putative esophageal gland-cell effector proteins 35A02 and 19F07, respectively (Huang et al. 2003) . Finally, eight of the 14 candidate effectors showed no significant sequence similarity to any proteins in the databases and, therefore, were designated novel effectors.
The 14 novel candidate effectors were analyzed for the presence of known motifs and domains using InterProScan (Quevillon et al. 2005) . Only one putative effector (Minc01696) was predicted to contain a known functional protein domain. This protein contained a region of 337 amino acids with strong sequence similarity (9e-27) to TTK dual-specificity protein kinases from multiple metazoan species. This region was located 17 residues from the predicted signal peptide cleavage site and was predicted to contain a complete protein kinase catalytic domain (PS50011 InterProScan, score = 29.997). This putative effector also contains an additional 210 residues on its C terminus, with no sequence similarity to any known protein (Table 1) .
Certain putative effectors have paralogs in M. incognita and orthologs in related parasites.
Pathogen effectors that play essential roles in parasitism are often represented by multiple paralogous copies within their respective genomes (Haas et al. 2009; Raffaele et al. 2010) . These paralogs are thought to have redundant or specific functions and may promote plasticity in effector function. To determine whether the newly mined effectors have paralogs, the protein sequences of these 14 putative effectors were used as queries in blast searches against the known proteins from the M. incognita genome. Interestingly, four of these proteins showed significant blast hits (BLASTp > 150 bits, 50% identity [ID] ) to other proteins with predicted signal peptides, making these related proteins good effector candidates as well. To determine whether these new paralogs had been detected in our in situ hybridization, the probes used to identify the original effector genes were compared with the coding sequences of the newly identified paralog candidates. One paralogous pair, Minc18861 and Minc11817, showed perfect coding sequence homology, indicating that the original probe used was likely cross-hybridizing with both transcripts within the gland cells. The other three pairs of paralogs showed significant polymorphisms in the region of the original in situ hybridized probes. To assure that all of the secreted paralogs were indeed expressed specifically in the secretory gland cells, new probes were designed to specifically hybridize to each paralog. When these probes were used in in situ hybridization on mixed-stage M. incognita tissue, all three paralogous genes were shown to be specifically expressed in the same esophageal gland cells as their originally discovered paralog (Table 1 ; Fig. 2) . This raised the total number of newly discovered putative effectors to 18 genes within M. incognita.
Genome-wide comparison of protein sequences between M. incognita and the closely related root-knot nematode M. hapla revealed that both genomes contain orthologous sequences (Bird et al. 2009 ). To determine whether the newly identified putative effectors have orthologs in M. hapla, each was blasted against the predicted proteins from the M. hapla genome (Opperman et al. 2008) . Importantly, 10 of the M. incognita effectors have homologs (BLASTp > 35 bits, 50% ID) in M. hapla, which were also predicted to contain secretion signal peptides. These proteins are likely part of orthologous effector families that carry out similar functional roles in both M. hapla and M. incognita parasitism.
Putative effectors localize to the cytoplasm in planta.
The in planta subcellular localization of nematode effectors provides clues to their site of action and the identity of potential host targets. To determine the cellular compartments where the newly identified nematode effectors would localize, the full-length coding sequences (minus signal peptides) of 11 effectors were fused to yellow fluorescent protein (YFP) reporter gene under the control of the Cauliflower mosaic virus (CaMV) 35S promoter. These constructs were delivered into onion epidermal cells by biolistic bombardment. All of the fusion proteins showed cytoplasmic localization in the plant cells ( Fig. 3; Supplementary Fig. S1 ). These data are consistent with the cytoplasmic localization prediction using Psort II software (Yu et al. 2010) .
Putative effectors are differentially expressed at different stages of M. incognita parasitism.
Nematode effector genes are known to be developmentally regulated, with increasing mRNA abundance during the parasitic stages. The developmental expression profiles of 12 of the newly identified parasitism genes were successfully quantified using qRT-PCR in eggs, preparasitic second-stage juveniles (J2s), and parasitic M. incognita stages at 3, 7, 14, and 21 days postinfection (dpi) (Fig. 4) . All 12 putative effector genes displayed the lowest detectable expression levels in eggs. In contrast, the expression patterns during other developmental stages varied widely. Two effector candidates (Minc01696 and Minc10418/Minc08073) showed significant upregulation at 3 dpi ( Fig. 4A and B) , while four additional transcripts (Minc2097, Minc00344, Minc13292, and Minc03328) showed upregulation during the first three parasitic time points (3, 7, and 14 dpi), followed by a distinct downregulation at 21 dpi. Fig. 4 . Quantitative real-time reverse-transcriptase polymerase chain reaction expression analysis of putative effector genes over the life-cycle of Meloidogyne incognita. A and B, Two putative effector genes that show a significant increase in expression at 3 days postinfection (dpi). C through F, Four putative effector genes that show relatively high expression during the parasitic stages of M. incognita (3, 7, and 14 dpi) and show a significant decrease during the adult stage at 21 dpi. G through K, Five putative effector genes that show a relatively constant expression pattern across all four infection time points (3 to 21 dpi). L, Minc00801, the rectal gland-specific transcript, shows a significant increase in expression during the adult stage of M. incognita at 21 dpi. Relative gene expression values represent changes of the expression levels of various parasitic stages relative to eggs. Data are averages of four biologically independent samples ± standard error. Statistically significant differences between mean values (P = 0.05) are indicated where letters (a, b, and c) differ.
Uniquely, Minc00801 has relatively low expression during the first five time points followed by obvious upregulation at 21 dpi (Fig. 4L) . These distinct expression patterns suggest that these effectors may have stage-specific functions during nematode parasitism of host plants.
DISCUSSION
Previous studies have successfully identified putative effector proteins that are specifically expressed in the esophageal gland cells of M. incognita and other plant-parasitic nematodes (Gao et al. 2001; Huang et al. 2003) . However, the complexity of the plant-nematode interaction indicates that the M. incognita effector repertoire is more extensive than previously described. To expand the known effector repertoire of M. incognita, we isolated mRNA from the esophageal gland cells and applied Roche 454 sequencing technology to obtain high read coverage. We also took advantage of the availability of the whole-genome sequence of M. incognita ) to identify full-length coding sequences of our gland-derived reads. This approach facilitated the bioinformatic identification of candidate effectors based on homology models and the presence of an N-terminal signal peptide sequence. Combining this bioinformatic approach with an in situ hybridization screen resulted in the identification of 18 novel putative effector genes, whose expression was specifically localized to the esophageal gland cells of M. incognita.
As in previous studies (Danchin et al. 2013; Huang et al. 2003) , the majority of these proteins are unique to M. incognita, showing no homology to proteins in the nonredundant database and containing no detectable functional domains. Only a few of the effector proteins secreted from any parasite are widely conserved and, more often than not, they are exclusively produced by one pathogen or a group of closely related pathogens. Most likely, this observation is due to the fact that effectors from both fungal and oomycete pathogens have been shown to be under increased diversifying selection pressure to avoid the host immune system (Haas et al. 2009; Schirawski et al. 2010) . As a result of this increased selection pressure, effector proteins quickly evolve to become specific to certain parasites and tend to show little homology with other proteins. This unique nature of effector proteins often makes it difficult to predict their functions, and stresses the need for functional characterizations of each individual effector.
One positive candidate, Minc01696, was predicted to contain a complete kinase domain (InterPro scan and CDD). This predicted kinase domain has high homology to the unique dualspecificity kinase domains of the monopolar spindle (MPS1) family of protein kinases. MPS1 kinases are conserved in vertebrates, invertebrates, fungi, and plants (de Oliveira 2012; Liu and Winey 2012) . Members of this family have been shown to play important roles in modulating the cell cycle by acting as part of the spindle assembly checkpoint machinery (Liu and Winey 2012) . In fact, it has been shown recently that increased levels of MPS1 in human cancer cells mediated the formation of aneuploid nuclei (Daniel et al. 2011) . In light of the fact that giant cells induced by Meloidogyne spp. are also characterized by multiple aneuploid nuclei (Huang 1985; Jones and Payne 1978) , we speculate that Minc01696 could function analogously to the MPS1 kinases in plants, perhaps facilitating aneuploidy during the formation of the giant cells. This hypothesis is further supported by our qRT-PCR data showing that Minc01696 exhibits specific and significant upregulation at 3 dpi (Fig.  4A ), which coincides with the initial formation of giant cells. More in-depth characterization will be needed to determine whether or not Minc01696 functions as an MPS1 kinase in planta.
Two other putative effectors, Minc04584 and Minc00344, previously have been shown to be members of the MAP gene family ). Members of this gene family are thought to play roles in the early interaction between root-knot nematodes and their host plants. More specifically, the first MAP family member (MAP-1) was isolated as a candidate avirulence protein and was shown to be secreted from the amphids of M. incognita as the nematode migrates through the host root (Semblat et al. 2001) . MAP-1 was later found to be part of a seven-member gene family within the M. incognita genome ). Though the exact function of this gene family has yet to be described, the MAP-1 transcript has recently been isolated from 12 different Meloidogyne spp. (Tomalova et al. 2012) , indicating that it has an indispensable function for parasitism across Meloidogyne spp. In contrast to the amphid localization previously described for the MAP-1 protein (Semblat et al. 2001; Vieira et al. 2011) , we found that both Minc04584 and Minc00344 are strongly expressed in the subventral gland cells of M. incognita ( Fig.  2M and N) . The fact that Minc04584 and Minc00344 are more distantly related to MAP-1 than the rest of the family members could explain the different cell specificity of MAP protein family members. The MAP family proteins seem to be secreted from both the amphids and stylet, and this establishes these family members as important factors in the parasitism of host plants.
Although the majority of effector proteins tend to be unique to specific parasites and not widely conserved in free-living organisms, there are certain families of effectors that are wellconserved within related groups of parasites. The large effector repertoire of the plant pathogen Ralstonia solanacearum contains three effector gene families that are broadly conserved across different strains of the bacteria (Poueymiro and Genin 2009) . These conserved gene families are thought to play basal roles in facilitating infection in a wide variety of hosts. Previous analysis of cyst and root-knot nematode effector repertoires has revealed that many effectors are also organized into gene families Gao et al. 2001; Huang et al. 2003 ). In the current study, we found that 10 of the 18 putative effector genes are organized in gene families within the M. incognita genome. We have shown that these gene families can be used to identify other effector candidates. By searching the M. incognita genome, we were able to identify paralogs of our initial in situ positive candidates. These paralogs turned out to be positive effector candidates that weren't identified in our original screen. Indeed, every identified paralog with a signal peptide was also shown to be expressed specifically in the esophageal gland cells. Using the putative effector genes from M. incognita, we were also able to identify seven orthologous proteins in the M. hapla genome as effector candidates. These findings validate the use of this approach in future studies to identify other effector candidates in M. incognita as well as other closely related root-knot nematode species. Conservation of these orthologous gene family members in multiple rootknot nematode species indicates that they may have fundamental roles in facilitating nematode parasitism. It would be interesting to study whether these effector proteins also have conserved orthologs in other parasites. A more comprehensive analysis of all root-knot nematode species could identify the most conserved and, presumably, the most indispensable effector families within the Meloidogyne genus.
Recent experimental data have provided evidence of extracellular, cytoplasmic, and nuclear targeting of root-knot nematode effectors, suggesting diverse functional activities in the infected host cells (Elling et al. 2007; Hewezi et al. 2008; Tytgat et al. 2004) . Knowing where effectors localize in planta could help guide future analysis of their function. Previous studies have used bioinformatic predictions to localize root-knot nematode effectors to specific host subcellular compartments (Bellafiore et al. 2008; Huang et al. 2003) . Here, we studied the subcellular localization of the newly identified effectors (Fig. 3 ). All candidate effectors tested displayed a cytoplasmic localization, despite the fact that some of these effectors contain predicted nuclear localization signals. It is possible that these effectors could be redirected toward specific subcellular compartments via host interacting factors. This type of effector interaction has been observed for certain cyst nematode effector proteins (Hewezi and Baum 2013) .
Nematode effector genes are often differentially regulated over the course of the parasite's life cycle. An effector gene that is specifically expressed during a certain stage of infection is likely to play a specific role during that stage of infection. Quantifying the expression profiles of all identified candidate effector genes over the course of M. incognita infection of tomato plants revealed distinct stage-specific expression patterns. More specifically, two effector candidates (Minc01696 and Minc10418/Minc08073) showed significant upregulation at 3 dpi ( Fig. 4A and B) . This early time point coincides with the initiation of the giant cells, suggesting that these genes may have functional roles during the establishment of the feeding site. Four additional transcripts (Minc2097, Minc00344, Minc13292, and Minc03328) showed upregulation during the first three parasitic time points (3, 7, and 14 dpi), followed by a distinct downregulation at 21 dpi (when adult females begin to reproduce) (Fig. 4C to F ). This pattern of expression is consistent with a potential involvement of these putative effectors in early and late events of parasitism but not for nematode reproduction. Interestingly, the opposite trend was observed for the candidate effector Minc00801, which exhibits a relatively low expression during the first five time points followed by obvious upregulation at 21 dpi. The high expression abundance of this effector, specifically at 21 dpi, suggests a role in egg laying and perhaps the reproductive success of the nematode (Fig. 4L) . Consistent with this hypothesized function, the mRNA of this candidate effector was specifically localized to the rectal glands of the adult female nematodes. This was intriguing because the rectal glands produce a gelatinous matrix that surrounds the nematode's egg mass (Maggenti and Allen 1960) . In addition to enhancing the viability of the eggs in the soil, the gelatinous matrix is implicated in forming a pore in the surrounding plant tissue that allows the egg mass to escape the root (Orion and Franck 1990; Orion et al. 2001 ). These observations indicate that proteins secreted in the gelatinous matrix could be involved in egg laying and, perhaps, the reproductive success of the parasite. Interestingly, another very recent study by Danchin and associates (2013) also identified Minc00801 as an "effector-like" candidate. These authors showed that silencing of its transcript using small interfering RNA resulted in a significant reduction in the number of M. incognita-induced galls. Taken together, these results indicate that Minc00801 is a protein that supports M. incognita's ability to infect, and should be investigated further.
In conclusion, this latest effort of nematode gland transcriptomics coupled with the use of next-generation 454 sequencing technology has allowed us to explore the gland cells of M. incognita on an unprecedented level. The novel effector proteins identified in this study have significantly expanded the effector repertoire of M. incognita and set the stage for a more complete understanding of how this parasite infects its host plants.
MATERIALS AND METHODS
Microaspiration of gland cell region and mRNA extraction.
M. incognita was grown on greenhouse tomato roots (Lycopersicon esculentum 'Marion'). Parasitic-stage nematodes (J2 to J4) were extracted from roots, surface sterilized, and imbedded in 0.7% agarose. A glass micropipette containing 10 l of mRNA extraction buffer was used to aspirate the gland cell cytoplasm from individual nematodes. In total, two pools of gland cell cytoplasm, each derived from 50 individual nematodes, were collected and stored at -80°C until mRNA extraction, as previously described (Huang et al. 2003) . Poly(A) RNA was extracted separately from both aspirated cytoplasm pools using Dynabeads Oligo (dT) 25 magnetic beads (Dynal, Lake Success, NY, U.S.A), and eluted with diethylpyrocarbonate (DEPC)-treated double-distilled H 2 O, as previously described (Gao et al. 2001) . First-strand cDNA synthesis was then performed on 4 l of the pooled mRNA sample in a 10-l reaction, which also included 0.5 l of 3′-rapid amplification of cDNA ends cDNA Synthesis Primer (10 mM; Clontech Laboratories, Palo Alto, CA, U.S.A.), 0.5 l of SMART II oligonucleotide (10 M; Clontech Laboratories), 2.0 l of 5× first-strand buffer, 1.0 l of dithiothreitol (20 mM), 1.0 l of dNTP (10 mM), and 1.0 l of Superscript II (200 U/l; GIBCO-BRL, Grand Island, NY, U.S.A). The SMART oligonucleotide system was used to enrich for full-length cDNA. The reactions were incubated for 1.5 h at 42°C, after which 90 l of Tris-EDTA buffer (10 mM Tris [pH 7.6] and 1 mM EDTA) was added. ligation-dependent-PCR was then performed using a 100-l reaction containing first-strand reaction solution (10 l), 2 l of dNTP (10 mM), 10 l of TaqPlus Long low-salt buffer, 1 l of TaqPlus Long polymerase (Stratagene, La Jolla, CA, U.S.A.), and 2 l of Nested Universal Primer (Clontech Laboratories). PCR was performed with a hot start followed by 24 cycles of 94°C (20 s), 65°C (30 s), and 72°C (6 min). Negative controls using DEPC water were performed at each reaction step above.
Sequencing and assembly.
The gland-cell-derived cDNA library was split into two separate pools, one of which was nebulized to reduce the fragment size, and both were sequenced together using the Roche 454 platform (University of Iowa, Iowa City). Sequencing produced 1.7 million total reads with an average length of 281 bp. After removing short and low-complexity reads (SeqClean), 623,000 reads were assembled using Newbler v2.5.
Sequence analysis and identification of candidate effectors.
Isotigs were translated (Prot4EST V3.0b), and the protein predictions were then blasted against all the known proteins from both M. incognita and M. hapla genomes using a cut off of 95% ID over 75% of the length of the Isotig. After the known proteins were identified, they were analyzed using the OrthoMCL algorithm which, in brief, uses an all-against-all blast strategy to sort proteins from different organisms into groups of likely orthologs and paralogs (Chen et al. 2006) . By grouping the identified root-knot nematode proteins with the total known proteins from 18 other selected species (five freeliving nematode species, five parasitic nematodes, five parasitic Helminths, the fly, and two host plant species), proteins which had orthologs in free-living nematode species were excluded, while those that grouped exclusively with proteins from parasites or host plant species were selected as candidates. As an added measure, the effector candidates were then compared using BLAST research against free-living nematodes to assure the absence of consequential homology (over 35 bits). The remaining candidates were analyzed for the presence of an N-terminal signal peptide as well as the absence of a trans-membrane domain outside of the first 60 amino acids of the N terminus (Phobius) (Kall et al. 2004 ). This first list of previously annotated secreted candidates consisted of 91 fulllength proteins.
In situ hybridization of effector transcripts.
Specific forward and reverse primers were designed for the coding sequence of each of the 91 candidate genes. These primers were used to amplify an amplicon of 150 to 300 bp in length from cDNA pools generated from M. incognita. This amplicon was used as a template in a unidirectional PCR to produce single-stranded sense and antisense DIG-labeled probes for each candidate effector transcript. Unidirectional PCRs were performed in 25-l volumes using a DIG-nucleotide labeling kit (Roche, Indianapolis, IN, U.S.A.). In situ hybridizations were performed on mixed parasitic stages of M. incognita, as previously described (de Boer et al. 1998) . Established parasitic populations of nematodes were extracted from the roots of tomato (L. esculentum 'Rutgers') by maceration of the infected tissue followed by progressive sieving, as previously described (de Boer et al. 1999) . These parasitic stages were supplemented with freshly hatched preparasitic M. incognita J2s. Mixed-stage nematodes were fixed in a 2% formaldehyde solution. Fixed nematodes were permeabilized by hand cutting with a razorblade on a glass slide in combination with a partial proteinase-K digestion (20 mg/ml, 30 min at room temperature). DIG-labeled probes were hybridized to permeabilized tissues overnight at 50°C. Hybridized probes within the nematode were detected using anti-DIG antibody conjugated to alkaline phosphatase and its substrate. Samples were then visualized using a Zeiss Axiovert 100 inverted light microscope.
Developmental expression patterns of putative effectors.
To assess the developmental expression profile of our positive candidates, we designed specific qRT-PCR primers for 12 unique transcripts (1 representative from each paralogous gene family). Four biological replicates of M. incognita were separately extracted at each of the five time points during parasitism (eggs and preparasitic J2s at 3, 7, 14, and 21 dpi. Total RNA was extracted from each sample using the Perfect Pure RNA fibrous tissue extraction kit (5prime), according to the manufacturer's instructions. For qRT-PCR, approximately 2 ng of M. incognita mRNA was used for cDNA synthesis and PCR amplification in 15-l reactions using a one-step RT-PCR kit (Quanta Biosciences, Gaithersburg, MD, U.S.A.), according to the manufacturer's protocol. qRT-PCR were run using an iCycler RT-PCR thermal cycler (Bio-Rad, Hercules, CA, U.S.A.) and the following program: 50°C for 10 min, 95°C for 5 min, and 40 cycles of 95°C for 30 s and 60°C for 30 s. Four replicated reactions were run for each primer pair for each mRNA sample. qRT-PCR data were analyzed using the iCycler IQ Optical Systems Software (version 3.0a; Bio-Rad). After PCR amplification, the reactions were subjected to a temperature ramp to generate the dissociation curves to assure specific amplification products. M. incognita actin and tubulin primer pairs were used as internal controls to normalize gene expression levels at each time point. Following the 2 -ΔΔCt method (Livak and Schmittgen 2001) , relative fold-change values were calculated using gene expression levels in the egg as a base line. P values for each time point were calculated using Bonferroni pairwise comparisons. A significant difference (P value < 0.05) was considered statistically significant only if it was consistently seen in both the actin and tubulin normalizations.
Subcellular localization.
Full-length coding sequences of 11 putative effector genes were amplified from M. incognita cDNA (1 representative from each paralogous gene family from the esophageal gland cells), and cloned into the pGEM-T Easy vector (Promega Corp., Madison, WI, U.S.A.) for sequencing. Confirmed clones were used as templates in PCRs to amplify fragments without the signal peptide region along with appropriate restriction sites for cloning into the pSAT6-eYFP vectors, obtained from ARBC. Cloning into the pSAT6-eYFP vectors created YFP fusion proteins under the control of the CaMV 35S promoter, which were confirmed by sequencing. Confirmed vectors were bombarded into onion epidermal cells via biolistic bombardment, as previously described (Elling et al. 2007) . Bombarded onion cells were incubated for 16 to 24 h in the dark, then visualized using a Zeiss Axiovert 100 inverted light microscope.
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